The vasa gene is a key determinant for germline formation in eukaryotes. This gene, highly conserved through evolution, encodes a RNA helicase protein member of the DEAD-box family. To understand the germline formation in oyster, we report here the isolation and the characterization of a vasa orthologue in Crassostrea gigas (Oyvlg). OyVLG contained the eight consensus domains of the DEAD-box including those providing RNA unwinding activity. The expression pattern of Oyvlg was examined in adult oyster tissues at different reproductive stages. Its expression was restricted to germline cells both in males and females, including germinal stem cells and auxiliary cells. The expression of Oyvlg, strongest in early germ cells, decreased as the maturation proceeded. These data and the evolutionary conservation observed suggested the role of Oyvlg in germline development. Oyvlg is the first germ cell specific marker in oyster and will be very useful in studies of oyster germline formation.
Introduction
Sexual reproduction has been highly conserved through evolution. The germ cells are essential for maintenance of countless sexually reproducing species through generations. The origin and nature of the germline have long been known in model organisms. In eukaryotes, gametes are derived from primordial germ cells (PGCs) that arise early during embryogenesis [1] . In most animals, the PGCs diverge early from the somatic cell lineage. They proliferate and migrate to the developing gonad of embryos by complex processes. In preadult gonad, PCGs become germline stem cells (GSCs) [1, 2] . When organisms reach sexual maturity, stem cells differentiate into germ cells that undergo meiosis to form functional gametes.
In bivalve molluscs and especially in the oyster Crassostrea gigas, data on origin and development of the germline are very incomplete. In an aquaculture context, the knowledge of these processes will facilitate greater control of the reproduction of C. gigas, something that still is based largely on empirical techniques [3] . Up to now, information on germ cells formation in oysters was derived from histological and cytological studies [4] . General data indicate that future germ cells can be detected from the post-larval stage in most mollusc species by their characteristic morphology [4] . However, PGC have never been observed in oyster larvae. In juvenile and adult oysters, gonad constitutes a network of tubules interspersed in connective tissue and surrounding the digestive gland [4] . Different germ cell developmental stages can occur simultaneously in the gonad: undifferentiated cells, growing germ cells and mature gametes. It is unclear, however, whether these represent one cohort of germ cells with asynchronous development, or multiple cohorts of germ cells, each with synchronous development. The gonad of oyster is not permanent and the processes of annual gonad restoration are still unclear. Previous hypothesis, based on electronic microscopy on M. edulis and cell culture on M. edulis and C. gigas, suggested that germ cells differentiate from the epithelial cell region, but without any data on the origin of these cells.
Several studies pointed out the central role of the vasa gene in germ cell development.
This gene was first characterized in Drosophila melanogaster [5, 6] , and vasa related genes have since been isolated from many invertebrates and vertebrates, including Caenorhabditis elegans [7] , Hydra magnipapillata [8] , Ciona intestinalis [9] , Xenopus laevis [10] , Danio rerio [11] , Mus musculus [12] , and Homo sapiens [13] . Vasa gene encodes a protein member of the DEAD-box family [5] . All DEAD-box proteins are putative ATP-dependant RNAhelicases [14] . Vasa is specifically expressed in germ cells in all these organisms and is required for germline development [6] . In Drosophila, vasa is expressed at two different stages: first, in embryos, corresponding to a maternal expression for the localisation of the cytoplasmic determinants to the formation of germline, and later during early oogenesis and spermatogenesis, for the development of oocytes and spermatocytes [15] .
In this paper, we report the isolation and the molecular characterization of a vasa-like gene in C. gigas, and the analysis of its spatial and temporal expression along a reproductive cycle under experimental conditions. As no marker of germ cells has been reported yet in oysters, the Oyvlg is useful as a germ cell lineage marker and will contribute to knowledge of germline development and regulation of reproduction in C. gigas.
Material and methods

Biological material
Oyster larvae were produced in the Ifremer hatchery in La Tremblade (France) from 30 wild broodstocks collected in the Marennes-Oléron Bay. Spat were then reared at the Ifremer station in Bouin (France). One-year-old oysters were then kept at the Ifremer shellfish Oysters were placed in 300-L raceways in 20 µm-filtered seawater and fed with a diet of three algae species with a ratio equal to 8% dry weight algae/dry weight oyster per day and per oyster (33% Chaetoceros calcitrans and Skeletonema costatum, 33% T-Isochrysis galbana, 33% Tetraselmis chui). Temperature and photoperiod conditions applied to the experimental raceways were modelled on mean natural cycles measured at Marennes-Oléron Bay.
Total RNA extraction
For total RNA extraction, 50-mg pieces of 6 organs (gills, mantle, adductor muscle, labial palps, gonad and digestive gland) were isolated from male and female oysters in maturation and placed in 500 µl of extraction solution (4 M guanidium thiocyanate, 25 mM sodium citrate pH 7, 0.5 % lauryl sarcosyl, 0.1 M β-mercaptoethanol). Total RNA was extracted by the acid guanidium thiocyanate-phenol-chloroform method of Chomczynski and Sacchi [16] and treated with 0.1 unit/µL DNase I (deoxyribonuclease) (Sigma). RNA concentrations were measured, after DNase treatment, at 260 nm using the convertion factor 1OD = 40 µg RNA.
Reverse transcription-polymerase chain reaction, cloning, sequencing
Reverse transcription (RT) was carried out as described in Huvet et al. [17] using oligo(dT) 23 TGGACCTCGGAGAAACTACTGCCACT 3') and VS-S10 (5' GGAAGAAGCTC TGCGCGATTTCAAGA 3'), VS-S11 (5' AGTATGCCAGGAGCTGGGTATG 3'),
respectively. PCR products were analysed by electrophoresis as described above. Fragments of largest size were excised and gel-extracted using the QIAquick ® Gel Extraction Kit and Felongr (5' ACGACGATCGCATTTCTCTT 3') were designed from reference sequence [18] and used to amplify the transcript of the constitutively expressed elongation factor protein of C. gigas as positive control. Total RNA from various tissues of male and female oysters was isolated and cDNA synthesis was performed as described above. PCR reaction was performed with 25 ng of template cDNA, 0.2 mM each dNTP, 0.2 µM each specific primer VS-S9 and VS-AS9 or Felongf and Felongr, 1.5 mM MgCl 2 , 1X Taq buffer and 0.5 unit of Taq DNA polymerase (Qbiogène). Amplification was performed as described above except that the annealing temperature was 60°C. The amplified products were electrophoresed on a 2% (w/v) agarose gel.
Phylogenetic analysis
Phylogenetic analysis were realised with a range of DEAD-box proteins belonging to VASA, PL10 or GLH sub-families, from vertebrates and invertebrates. The sequences were aligned using CLUSTAL W. An unrooted distance base phylogenetic tree was constructed in PHYLIP using the unweight pair group method with arithmetic mean (UPGMA). One thousand bootstrap trials were run using the neighbour-joining algorithm for each node.
Histology
For histological examination, 15 oysters were randomly sampled at five different stages of the annual reproductive cycle: (1) Sections 5 µm thick were cut, mounted on glass slides, stained with Harry's hematoxylinEosin Y [19] , and coverslipped. Slides were examined under a light microscope.
In addition, the mean occupation rate of the gonad relative to the total surface of the visceral mass was determined by image analysis software (IMAQ Vision Builder, National Instrument).
In Situ Hybridization
In situ hybridization was realised on 5 µm-histological sections of the whole oysters and of the visceral mass (without gill, mantle, and adductor muscle) on the same samples than those used for histological analysis. Sense and antisense DNA probes complementary to presumptive oyster vasa gene cDNA were synthesised. cDNA extracted from maturing female oocytes was used as template for PCR amplifications using three primer pairs: VS-S1/VS-AS2 (5' TCCAGGAACCACAAGCCCTG 3'/ 5' GATGTCTGGACC GAAACCCA 3'); VS-S2/VS-AS3 (5' TGGGTTTCGGTCCAGACATC 3'/5' CTCTGAACCCGTCT CTGTGA 3') and VS-S3/VS-AS4 (5' TCACAGAGACGGGTTCAGAG 3'/5' CTGGAGCTTTCCCA AGCTTG 3'). PCR reactions proceeded as described above except that the annealing temperature was 52°C. In situ hybridization reactions were performed according protocol described by Montagnani et al. [20] . Slides were analysed using a light microscope. consensus sequences characteristic of the DEAD-box protein family [5, 14] . The N-terminal region is glycine (G) rich (36% in residues 1-239) and contains three arginine-glycine-glycine (RGG) motifs (Figure 1 ). In the C-terminal region, six of the eight last amino acids are acidic residues (glutamate E and aspartate D). The predicted amino acid sequence in oyster closely matches VASA-related proteins. Identity rates were highest when compared with VASArelated proteins like in Drosophila (45%), in zebrafish (49%), in mouse (50%), and in Ciona (59%) than those observed in comparisons with other DEAD-family proteins, like p68 in human (34%) or PL10 in mouse (42%) [21, 22] . The analysis of phylogenetic relationships between members of DEAD-box protein family showed three distinct clusters [11] : the VASA sub-family including the presumptive oyster VASA sequence, the PL10 sub-family and the GLH sub-family ( Figure 2 ). GAG GTT GTG AAT GGA TTT GGT CGC GGT GGA TTT GGA AGA GGA GCA TCA TCG TCA TCT GAT GCT TCA GGA GGG GCC GGC AGG 84
Results
Isolation of the oyster vasa orthologue cDNA
GGT TTT GGT CGG GGT GTA CTC CGT GCA GGC TTC ACA GTG AAT GGA AAT GAC GAT GTA TCA AAC GGC ATG GCC GAC ATG TCG CTC 168
TTT GCC AGA GAG TGT CCA GAA CCC CGC AAA GGT GGT GGT GAC AAG GGA TGC AGA AAT TGT GGG GAA GAG GGA CAC TTT GTC AGA 588
GAG TGT CCA GAA CCC CGC AAA GGT GGT GGA GGT GGT GGT GAC AGG GGA TGC AGA AAT TGG GGG GAA GAA GGA CAT TTT GCT AGA 672
GAG TGT CCC AAT CCC AAG AAA GAA GGA GGT GGA GGA GGA GGC GGG AAG TGT TTC AAA TGT CAG GAG GAA GGA CAC ATG GCC AGG 756
TGT CCT AAT GCT CCC CCA CAG GAT CCT GAC AGA CCT GCA CCT TAT GTG CCT CCT GCT CCA TCC GAG GAC GAA GCT GAA ATC 840 
ATA AAA AAC TTT GAT GAA GCT GGG TTG TAT GAA AAG TTC CTG GAA AAC GTG CGT AAA GCC CAG TAT GAG AAG CCC ACT CCG GTC 1008
TTG CTG CCG GTC CTC ACT GGA ATG ATG AAG AAT GGA ATC AGT GGC AGT AGT TTC TCC GAG GTC CAG GAA CCA CAA GCC CTG GTG 1176
TTG TAT GGG GGG ACA TCG GTG GGA TAC CAA CTC AGA CAG GTT GAA CAG GGA ACT CAC ATC TTA GTG GGT ACC CCA GGA CGG TTG 1344
ATT GAT ATC ATC GGC AAA GGA AAG ATC AGC CTC TCA AAG TTA AAG TAC CTA ATT TTG GAT GAA GCT GAC AGA ATG TTG GAT ATG 1428
GGT TTC GGT CCA GAC ATC CGT AAA CTT GTG GAG GAG TTG GGA ACT CCT CCT AAA ACA GAG AGA CAG ACT CTC ATG TTC TCT GCT 1512 T  588  TCA GAG AAA ACT TTG GTT TTT GTG GAA CAA AAA CGA AAT GCA GAT TTC TTG GCA TCT TAT TTG TCC CAA AAT GGA TTT CCA ACC 1764
616 ACC AGT ATT CAT GGA GAT CGA CTC CAA GCT GAA AGG GAA GAA GCT CTG CGC GAT TTC AAG CTT GGG AAA GCT CCA GTT TTA ATT 1848
GCT ACA TCG GTG GCA GCT CGG GGA TTA GAC ATC CCT CTA GTC AAA CAT GTC ATC AAC TAC GAT CTC CCC CAG TCC ATT GAT GAA 1932
CTG GCT AAA CCT CTG GTT AGG ATC CTC TCG GAT GCG ATG CAG GAA GTT CCT TCC TGG CTG GAG GAG TAT TCC AAG TCA AGT ATG 2100
CCA GGA GCT GGG TAT GCC GAT GTC GGC GCC AAG TTC GGA GGA CGA GAC ATC CGA AAA AAC CAA CCA CGG ACG AGA GAG ACC CAC 2184 
Spatial expression of the presumptive oyster vasa orthologue by RT-PCR
The spatial expression pattern of the presumptive oyster vasa gene was analysed in adult female and male tissues (gills, mantle, adductor muscle, labial palps, gonad, digestive gland) during maturation (April) by RT-PCR. A high level of transcripts was detected in gonad both in females and males, whereas a very low signal or none at all was detected in other tissues (See analysis of female tissues in Figure 3 ). The elongation factor used as positive control was detected in all tissues at the same intensity ( Figure 3 ). 
Analysis of C. gigas reproductive cycle by histology and ISH
Key steps of C. gigas gametogenesis in females and males were described by histological observations ( Figure 4 ) and then used to analyse the spatial and temporal expression of the presumptive oyster vasa orthologue gene ( Figure 5 ). Negative ISH control, corresponding to sense probe hybridization, was not stained ( Figure 5I ). Positive signal, corresponding to antisense probe hybridization, was dark blue staining ( Figures 5A-5H' ).
At the initiation of the reproductive cycle, in February ( Figure 4A ), gonad consisted of small developing tubules filled with undifferentiated cells, widely separated by connective conjunctive tissue. A strong ISH signal was detected in these small undifferentiated cells, but not in the somatic cell types (hemocytes, conjunctive and digestive gland cells) that represented more than 95% of the slide surface at this stage ( Figure 5A ). Sex of animals could not be distinguished at this time ( Figure 4A ). During the maturation step, in April ( Figure 4B ), cells of various sizes (6-50µm) were visible in female tubules corresponding to oogonia (cells with compact, large nuclei and a narrow rim of finely granular cytoplasm), oocytes I (larger cells with enlarged nuclei and more coarsely granular cytoplasm) and some vitellogenic oocytes in increasing size order. On the tubule walls, elongated cells appeared close to oocytes ( Figure 4D ). They were described as auxiliary cells in other bivalve species [23] . By ISH, oogonia and auxiliary cells appeared as strongest stained cells ( Figure 5B ). Staining intensity decreased in oocytes I and became undetectable in vitellogenic oocytes ( Figure 5B ). In male tubules ( Figure 4C , April), cells decreasing in size were arranged in cell layers comprising spermatogonia, spermatocytes I and II, spermatides and spermatozoids from the outer wall to the centre of the tubule (4-2 µm).
During the male growing phase, a staining gradient was observed in tubules ( Figure 5C ). The strongest signal was observed in spermatogonia, and intensity progressively decreased toward the centre of the tubules ( Figure 5C ). At this stage, the occupation rate of the gonad varied between 25% and 40% of the visceral mass.
In ripe oysters, ( Figure 4D , July), female tubules were filled with mature oocytes (40-50 µm in diameter) with distinct nuclei. Mature oocytes were not stained. Only small cells (oogonia and oocytes I) were stained at the periphery of tubules ( Figure 5D ). For males, ( Figure 4E , July), lumina of tubules were filled with spermatozoids, while germinal epithelia always showed all stages of male germ cells. By ISH, the early stages of male germ cells were stained following the same pattern than during maturation and spermatozoids were not stained ( Figure 5E ). In mature oysters, gonad represented more than 60% of the visceral mass.
After partial spawning ( Figure 4F , August), female tubules contained oogonia and oocytes I close to the walls of acini, as well as some unspawned mature oocytes or degenerated oocytes (elongated in shape or broken). Oogonia and oocytes I were stained ( Figure 5F ) and stained patches appeared in the cytoplasm of some residual mature oocytes ( Figure 5G ). An equivalent signal was observed for males and females except than residual spermatozoids were not stained. The occupation rate of the gonad decreased to fewer than 10% of the visceral mass after spawning ( Figure 4F ).
During the resting period ( Figure 4G , November), gonadic tubules disappeared.
Remaining tissue between mantle and digestive gland was conjunctive tissue composed by vesicular storage cells. By ISH, few clusters of undetermined very small cells, scattered in conjunctive tissue, appeared strongly stained ( Figures 5H and 5H' ). 
Discussion
The oyster vasa-like gene (Oyvlg)
VASA is a member of the DEAD-box protein family. All members of this family display eight conserved domains [14] . Four of these eight regions are known to be involved in described functions of DEAD-box proteins, and in particular in eIF-4A activity studied by in vitro mutagenesis [24] . These proteins are thought to have ATP-dependent RNA helicase activity, due to ATP-A (AXXGXGKT) and ATP-B (DEAD) motifs, and to participate in RNA unwinding activity, due to the SAT and HRIGR motifs [24] . The deduced amino acid sequence in C. gigas displayed these eight consensus domains, including both ATP-A (AQTGSGKT) and ATP-B (DEAD) motifs and the SAT and HRIGR motifs implicated in RNA helicase function. In the C-terminal region, six of the last eight amino acids are acidic (glutamate or aspartate residues), which is found in several single-stranded nucleic acid binding proteins [5] . A glycine (G)-rich region is present in the N-terminal site as found in number of putative RNA-binding proteins [14] . These data strongly suggest that our characterized oyster sequence encodes a protein member of the DEAD-box family with an ATP-dependent RNA helicase function. Corroborative results were obtained by RT-PCR, which displayed strong expression of vasa transcripts in gonad compare to weak or none expression in other tissues. These experimentations showed that in molluscan as in other phyla examined to date, from "higher"
to "lower" metazoans, vasa-related genes are specifically expressed in germline cells [5, 6, 8, [10] [11] [12] [13] 25, 26] .
The vasa gene was shown to be expressed in adult germline stem cells in Hydra [8] , and in Drosophila [5, 10] . High Oyvlg expression was detected in undifferentiated cells of oysters at the initiation of the reproductive cycle and during the resting period ( Figures 5A and 5H' ).
This expression indicates the role of these cells as precursor of germ cells. These cells constitute oyster germinal stem cells.
During gametogenesis, Oyvlg was strongly expressed in oyster auxiliary cells, surrounding oocytes ( Figure 5B ). Such cells, called auxiliary, follicle or nurse cells, are thought to play a role in oocyte nutrition in bivalves [23, 27] . Similarly, high levels of vasa transcripts have been detected in nurse cells of Drosophila [5] that provide nutrients and metabolic products to the oocytes (yolk, ribosome, mRNA and protein). In some insects, molluscans, cnidarians or plathelminthes, follicle cells and oocytes arise from a unique cell type, the primordium gonocytes derived from PGCs [28] . In the same way, auxiliary cells and germ cells in oysters could, therefore, have the same origin arising from differentiation of primordium gonocytes. Primordium gonocytes and stem cells previously thought to be two different cell types [4] appeared to be a single cell type.
Oyvlg would be involved in the germline formation in C. gigas ISH analysis showed that Oyvlg was strongly expressed in the three mitotic germline cell types (stem cells, oogonia, and spermatogonia). Oyvlg expression was also detected in the earliest stages of meiosis, oocytes I and spermatocytes I. In later stages, Oyvlg expression decreased as germ cell maturation proceeded, becoming essentially undetectable in mature oocytes and spermatozoids (Figures 4 and 5) . Nevertheless, patches of Oyvlg expression detected in cytoplasm of unspawned oocytes after a partial spawning could correspond to maternal expression of vasa in C. gigas. These data and evolutionary conservation observed by phylogenetic analysis suggest that Oyvlg could be involved in the formation of germ cells in oysters as demonstrated in Drosophila [15] . Further functional studies of Oyvlg would be useful to understand the role of this gene and its protein in oyster germline formation.
Renewal and kinetic of development of germ cells in C. gigas
In many organisms, including hydrozoans, nematodes, amphibians, birds, fishes, and mammals, germline stem cells have been described as a self-renewing population of germ cells [2] . They serve as source of gametes throughout the sexually active life of these organisms. For those, which breed seasonally, like oysters, groups of stem cells divide at the beginning of each reproductive period [29] . During the resting period of C. gigas (OctoberNovember), stem cells were scattered in the conjunctive tissue ( Figure 5H' ). The number of these cells, that strongly expressed Oyvlg, quickly increased when the reproductive cycle was re-initiated in November. These data indicate that in C. gigas, renewal of germ cells result from a proliferation of stem cells, the germinal self-renewing cells.
Different stages of germ cells were observed simultaneously in C. gigas gonadic tubules during gametogensis ( Figures 5B and 5C ). These results showed that several stem cell proliferation events occur from November to March (in our experimental conditions) to give several cohorts of germ cells. Such a pattern is also observed in sea urchins and some fishes for which stem cells differentiate into germ cells after a defined, species-specific, number of mitotic divisions giving rise to waves of germ cells [2] .
In the same way that Oyvlg allowed us to determine the origin of germ cells in adult oysters, it will be a useful molecular marker to elucidate the origin of the germinal stem cells in oyster embryos.
